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RESEARCH MEMORANDUM

ANALYSIS OF COOLANT FLOW AND PRESSURE REQUIREMENTS FOR A
RETUEN-FLOW TURBINE ROTOR BLADE DESIGN USING
HYDROGEN, HELIUM, OR AIR AS COOLANT

By Henry O. Slone and Petrick L.. Donoughe

SUMMARY

An analysis was made to determine the coolant flow and pressure re-
quirements of a return-flow turbine rotor blade which utilizes hydrogen,
helium, or air as the coolant. The return-flow blade design selected for
this study coneists of a hollow blade shell cepped at the blade tip and
& hollow insert. The coolant flows radially upward between the blade
shell and insert end then radially downward through the hollow insert to
be discharged at the blade root. Required coolant flow and pressure
changes through the blade were cobtained for conditions representative of
a high-altitude supersonic turbojet engine (flight Mach number of 2.5 and
altitudes of 50,000 and 80,000 £t) with a turbine-inlet temperature of
3000° R and a turbine blade root stress of 50,000 psi.

From this analysis it appears that the return-flow blade design con-
sidered would cool turbine rotor blades adequately over a wide range of
operating conditions using hydrogen, helium, or air as the coolant. Us-
ing air as the coolant requires an increase in the required coolant flow
of about 15 and 6 times that required when using hydrogen or helium, re-
spectively. On the basis of preliminary celculations, the use of air as
the coolant for the return-flow blade would require the smallest diam-
eter coolant ducting to transport the coolant to and from the turbine
blades. Hydrogen and helium requlre pipes sbout 1.6 and 1.9 times the
diameter of the air ducting. The use of equations which neglect the heat
being transferred across the blade insert will result in blade shell tem-
peratures fram gbout 1 to 5 percent lower than those obtained when the
heat trensfer across the insert 1s considered.

INTRODUCTTION

Up to the present time most of the analytical and experimentsl in-
vestigations concerning the cooling of turbine blades of gas-turbine
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engines to enable operation at high gas temperatures and high centrifugal
blade stresses have employed either expendable alr or recirculating lig-
ulds as the coolants (refs. 1 and 2). Both alr and liquid coolants and
their corresponding coolant systems have thelr place in the fleld of air-
craft gas-turbine engine application. Another type of coolant system
that offers interesting possibilities employs a recirculating gas as the
coolant. In this respect, both hydrogen and helium are suitable for such
a coolant system because of thelr excellent heat-~transfer characteristics.

This report presents the resulits of an analysis to determine the
coolant flow and pressure requirements for & particular return-flow tur-
bine rotor blade design utilizing hydrogen, helium, or air as the cool-
ant. The return-flow blade design selected;for this study consists of
& hollow blade shell capped at the blade tip and a hollow insert. The
coolant flows radiaelly upward between the blade shell and the insert and
then radially downwerd through the hollow insert to be discharged at the
blade root.

The advantages and disadvantages of usling an sir-cooling system
wherein the air is discharged at the blede tip are discussed in detall
in reference 3 with relation to the effects of alr-cooling on engine
specific thrust and thrust specific fuel consumpition. Some of the gains
and problems that are apparent in recirculating-liquid-cooled systems
with special emphagls on engine performance are discussed in reference
4. The use of a recirculating gas in a coolant system offers several
attractive advantages. The lncrementsl losges in engline specific thrust
or power and the possibillty of higher specific fuel consumption that
accompany an eir-coolling system wherein the air is discharged at the
blade tip may be lessened with the recirculating-gas system since this
type of cooling system approaches the systems discussed in reference 4
for liquid-cooling. If hydrogen or helium is used as the coolant in the
recirculating-gas cooling system, the necesgity of large emounts of
coolant surface necessary for the asir-cooled turbine blades discharging
the air at the blade tip may be reduced. Thus, it 1s possible that a
less complicated blade design may result for the recirculating-gas cool-
ing system as compared with the blade designs required for air-cooling
systems discharging eir at the blade tip. Also, the use of gases in the
recirculating cooling system elimingtes the problem of attaining extreme-
ly high fluid pressures, which are required in a water-cooled blade to
avold overcooling, and it mey avold the difficult sealing problems as-
soclated with & liquid-cooling system employing liguid metals, metal
salts, or metal hydroxides {ref. 4).

Methods for calculating cooled-blade temperature distributions and,
thus, coolant flow requirements are given In references 5 and 6 for air-
cooled turbine blades with the air being discharged at the blade tip and
in reference 7 for return-flow liquid-cooled blades. The equations of
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reference 7 are inadequate for the gaseous-cooled return-flow blade de-
sign of this analysis because they are derived for the assumption that
the liquid cooclant temperature is constant at the average temperature of
the coolant. This assumption 1s valid for a liguid coolant (see ref, 7),
but a large coolant temperature change may be obtained for a gaseous
coolant flowing in a return-flow blade design. For the return-flow blade
design being considered, i1t is importent to know whether or not the heat
being transferred across the blade insert is negligible. Thus, it is not
certain whether or not the equations of reference 5 which neglect heat
transfer ascross the inserts of air-cooled blades can be adapted to the
present analysis. Consequently, an iterative method using avallable
theoretical relations for heat transfer (accounting for heet transfer
across the blade insert) and pressure drop was evolved. In this way,

the coolant flow and pressure requirements for the return-flow blade de-
sign considered may be determined.

This report presents (l) the temperature distribution equations
necessary for obteining the coolant flow requirements of the return-flow
turbine rotor blade design being analyzed, (2) the resulting coolant
flows and pressure requlrements for the return-flow blade using hydrogen,
helium, or air as the coolant and being subjected to a range of cooling
conditions, and (3) an indication as to whether or not the heat being
transferred across the blade insert may be neglected. In addition, the
relative size or weight of the ducting required to transport hydrogen,
helium, or air to the return-flow blade is indicated.

The analysls was made for conditions representative of & high-
altitude supersonic turbojet engine (flight Mach number of 2.5 and al-
titudes of 50,000 and 80,000 ft) with a turbine-inlet temperature of
3000° R and a turbine blade root centrifugal stress of 50,000 psi in
order to impose severe cooling conditions on the return-flow blade. Be-
cause of the attractive possibility of using a refrigerated light hydro-
carbon fuel for the heat sink (ref. 8), the investigation was conducted
over an extremely large range of coolant inlet temperstures from 250° to
1000° R, and the coolant inlet static pressures were varied from 3000 to
9000 pounds per square foot. Because of the large number of variables
involved and because the calculation procedure reguired lengthy ltera-
tions, the computations were made on an IBM 650 magnetic drum calculator.

BLADE DESCRIPTION

A brief discussion of air-cooled turbine blade designs from the
simple hollow blades used by the Germans in 1945 to the more advanced
designs devised by the British and the United States are given in ref-
erence 1. As pointed out in both references 1 and 9, it is necessary
that the Internal surface area be large so that a small quantity of
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cooling air may be used tc achieve an efficient degres of blade cooling
within pressure drop limitations.
the alr is discharged at the blade tip, the simple hoilow blade or the
hollow blade with insert offers very inefficient cooling. However,

since the heat-transfer characteristics of hydrogen and helium are ex-

cellent, it was decided that for initial calculationS'the simple hollow =

blade with insert could be used to determine coolant Flow requirements
and establish trends for the recirculating: type of blade necessary for
hydrogen or helium as the coolant.

Sketches of the return-flow blade considered herein are shown in
figures 1 and 2. The blade consists of a hollow shell with & cap at the
blade tip and an inner shell or insert. The coolant flows radially up-
ward between the blade shell and the 1nsert downward through the flow
passage formed by the insert, and is discharged at the blade root.

For the present analysis, the spacing between the blade shell and
insert was assumed to be 0.050 inch for the ‘majority of the calculations.
For comparison purposes,; spacings of 0.070&nd 0.020 inch were also con-
sldered. é
sumed to be 2.5 and 1.2 inches, respectively. In additlon, it was as~
sumed that the ratio of perimeter over chord was constant at 2,34 for
the blade shell and 2.1 for the blade insert; the thickest portion of |
the blade profile from the pressure to the suctlon surface was 0.3 inch'
the flow areas were constant in & spanwise direction; the thickness of
the insert was constant at 0,020 inch; and the blade Shell had a metal
area taper ratio of 0.50 from the blade tip.to the rodt where the blade
ghell thickness at the tip was 0.020 inch. The blade length was 0.50

The axial chord lengths of the bldde shell and insert were as- _

foot. The following table gives the values: of blade geametry used:
Specing |Mean Flow aresa |Flow area |Hydraulic |Hydrsulic
between |spacing |between in passage|diemeter |diameter
blade |in . shell and |{formed by |between |[in passage
ghell |[passage}insert, insert, blade formed by
and formed sq It sq £t shell and|insert,
insert, (by insert, ft
in. insert, i
in,

0.050 | 0,090 | 0.00204 | 0.00157 0.00833 | 0,0150
.070 050 .00285. . 00087 .01167 .00833
.020 «100 . 00082 .00291 .00333 0166

ANATYSTIS ™ -

As pointed out previously, it is Important to know whether or not
the heat being transferred across the blade insert of the return-flow -

Thus, for air-cooling systems wherein -
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rotor blade design considered herein is negligible. Therefore, heat-
transfer equations were derived which account for heat transfer across
the blade insert in order to compare them with the equation of refer-
ence 5 which neglects heat transfer across the insert. These heat-
transfer equations result in four temperature distribution equations
which form the basis for the calculation of the coolant flow require-
ments for the return-flow blade. The four equations describe the blade
shell temperature Ty, blade insert temperature Tg, coolant temperature

between the blade shell and insert Tc,I: and the coolant temperature in

the hollow insert T¢,IT as & function of the blade spanwise distance
measured from the blade root x. (All symbols are defined in appendix
A.) In the present analysis, these four equations were obtained in both
the form of a difference solution and & closed-form solution. (The deri-
vations of the temperature equations are given in appendix Bq) In the
derivation of the closed-form-solution equations, the coolant heat-
transfer coefficlent he 1is assumed constant along the blade span. In

reality, however, h., varies along the blade span because of changes in

the coolant fluid properties with coolant temperature. Consequently,
the required coolant flows for the return-flow blade were obtalned using
the difference-solution equations which permit a variation of h, along

the blade span. In this way, for those cases wherein i1t was determined
that there was a large variation in h, along the blade span, resulis
from the closed-form-solution equetions may be compared with results ob-
tained using the difference-solution equations. Also, the closed-form-
solution equation of reference 5 which neglects heat transfer across the
blade insert may be compared with the closed-form-solution equations of
the present analysis to determine the effects of neglecting heat transfer
across the blade insert. (Eg. (20) of ref. 5 is given in appendix B as
eq. (B21).) As in the present analysis, the temperature equation of
reference 5 was derived by assuming that he 1s constant along the blade
span. Further discussion of the results obiteined using the difference-
solution equations and closed-form-solution equations will be presented
in the section RESULTS AND DISCUSSION.

In order to obtain convenient relations for the temperature distri-
bution equations derived herein, the following simplifying assumptions
were introduced:

(1) The gas-to-blade heat-transfer coefficlent and effective gas
temperature sre constant chordwlse and spaunwise on the blade and are
equal to the midspan value.

(2) The redial heat conduction in the blade shell and insert metal
is negligible campared with the total heat transfer.

(3) Radiation is negligible.

1y 't__-_-d_igézy-,'?
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(4) The temperature drop through the blade metal is negligible.

(5) The coolent passage flow ares is constent in & spanwise direc-
tion. -

In addition, one other assumption was made to simplify the coolant
pressure requirement calculations for the blade considered herein. It
was assumed that the 180° bend in the coolarit passage at the blade tip
produced no pressure loss due to the bend or. the mixing of the coolant.
A check was made for a few severe cases, and 1t is believed that the
additional pressure drop due to the bend would be negliglble for most of
the conditions investigated, especially those having coolant inlet
static pressure of 6000 and 9000 pounds per square foct. ’ -

Fram the difference solution, the blade shell and insert tempera-
tures at a glven spanwise position are (see appendix B)

T + AT
Ty = c,I Bg,e ' (l)
B T+ %y
To = .TC,II +XSTC)I (2)
S = 1+ Ag
where - : _
T + T, +
c,I,x Cc,Ll,%4\x
TC:I = =2 2 s (3)
and
T + T -
c,Il,x ¢, LL,xi\x
Te,II = — g (4)

The coolant temperatures at a given spanwlse position are

| - hglfx(Tg e - Tp) + bo, 17 glex(Te 77 - Tg)
Te,I,xwx = Te,I,x + +

WCCP _
wlAx [2ry, + Ax(2n - l)]
ngc - ] ()
and
: 2
T . ho 17,8t (T 11 - Tg) _ oxjery +ax(zn - 1))
¢, II,x = “e,II,x4x ~ Welp e - 2gdeyp

(6)
WG
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The procedure for calculating the temperature distributions described by
equations (1), (2), (5), and (6) is an iterative process which requires
an additional equation relating the total heat input to the blade and
the tempersture change of the coolant:

Qt = Wbcp(Tc,out - Tc,in) = hgzob(Tg,e - TB,av) (7

The calculation procedure used herein will be discussed fully in the
following section, ANALYTICAL PROCEDURES. The equations derived from
the closed-form solution which describe Tg, Tg, Tc,IJ and Tc,II are

given by equations (B15) to (BlB) in eppendix B; the equation which de-
scribes TR when the heat transfer to the insert is neglected is given

as equation (B21).

The basic equations used to evaluate the pressure requirements of
the recirculeting-type hollow blade with insert are presented in detail
in reference 10. In order to utilize the pressure equations of refer-
ence 10 in the present analysis, which employs an IBM 650 computer, the
equations were solved analytically.

ANAT.YTTCAT, PROCEDURES

The cooling effectiveness of the recirculating-type hollow turbine
blade with insert is indicated by the amount of coolant flow and blade-
inlet coolant temperature required to maintain a given blade shell tem-
perature and be within pressure drop limitations. The determination of
the required coolant flow necessltates the eveluation of the radial
blaede shell temperature distribution from equation (1) or equation (B15)
i1f the closed-form solution is used. This blade temperature distribu-
tion is obtained for an assumed coolant flow and then matched to the
allowable spanwise blade temperature distribution until a point of tan-
gency exists between the two temperature distributions at a spanwise po-
sition (see fig. 1, ref. 9). The span position where this point of
tangency occurs is called the critical blade section. The slloweble
turbine blade temperature is determined by the design value of the Hur-
bine blade stresses and the blade material stress-rupture properties.

A detailed description of this general procedure for determining the
blade critical section is given in reference 9.

When using the difference-solution equations, an examination of
equation (1) shows that an involved iterative solution is required in
order to obtain the required coolant flow for & given set of conditions.
Before equation (1) can be solved, equations (2) to (6) must be evalu-
ated for a given spanwise increment. Before equation (1) can be ap-
plied to determine the blade shell temperature distribution, the turbine
operating conditions and geometry must be specified. In eddition, the

-.lq. . -
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blade~inliet coolant temperature and the coolant heat-transfer coeffi-
cient in coolant legs I and II must be knowd. Then, &n allowable span-
wise blade temperature distribution must be specified in order to de-
termine the required coolent flow. The following sections discuss the
methods used to obtain the varilables necessfry to solve equation (1)

and are followed by a discussion of the caléulation procedure used in B
the analysis. When either of the closed-form-solution equations 1s used,
1t is necessary to solve for only Ty (egs. (B15) or (B18)). Iteration

is again required to obtain the required coclant flow for a given set
of conditions.

Turbine Geometry and Operating Conditions

In order to impose severe cooling conditions on the return-flow
turbine rotor blade design chosen for this snelysis, an engine design
representative of that required for supersonic flight at high altitudes
was selected. The turbine, which 1s properly matched with the other en-
gine components, operates at an inlet temperature of 3000° R and a cen-
trifugal stress at the blade root of the single-stage rotor of 50,000
psi. It 1s assumed that the total metal area of the blade shell and
Insert supports the load. The turbine has a tip speed of gbout 1400
feet per second, a hub-tip radius ratio of 0.63, and a rotor blade
length of 6.0 inches. Two values of average ‘gas-to-blade hegt-transfer
coefficient corresponding to operation at a flight Mach number of 2.5
and eltitudes of 50,000 and 80,000 feet were investigated.

Allowable Blade Temperature

For this analysis the spanwise allowable blade tempersture distri-
bution was evaluated for the 100-hour-life stress-rupture properties of
the high-strength alloy, A-286, and the design stress distributions.

The design spanwise stress distribution was hased on & turbine blade
root centrifugal stress of 50,000 psi, an ares taper ratio of 0.5, and
& stress-ratio factor. Stress-ratio factors of 1.5 and 2.0 were assumed
for this analysis. The stress-ratio factor is a constant of proportion~
ality meant to include the effects of other stresses, such as bending,
vibration, and thermal stresses, as well as ‘to provide some margin of
sefety for the effects that fabrication may have on the blade material
strength (ref. 9).

Gas~to-Blade Heat-Transfer (oefficient

The average gas-to-blade heat-transfer coefficient was determined
from the correlation equation and method given in reference 11. The

682%
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following equation, in the notation of the present report, results in

YAV CAY R
hy = o /i) — [( o )g( ﬁ)g(ﬁ)(“g,Bg)] (Prg,B)l/s (8)

In accordance with reference 11, an average Mach number of 0.70 through
the blade channel was assumed, and (WQ/T”/AP")g was evaluated from ref-

gerence 10. For the turbine rotor blade considered herein, values of
F=0.092 and z = 0.70 were assumed (see ref. 11). The values of P"
and T" used in equation (8) were calculated at the turbine stage exit,
and the Prandtl mumber snd other gas physical properties were based on
the blade temperature. For a flight Mach number of 2.5 and sltitudes of
50,000 and 80,000 feet, the average gas-to-blade heat-transfer coeffi-
cients obtained from equation (7) are 0.058 and 0.0213 Btu/(sec)(sq ft)
(°F), respectively. Of course, it is possiblé to choose other flight
conditions and obtain the same values of gas-to-blade heat-transfer co-
efficient. For example, a heat-transfer coefficient of 0.058 Btu/(sec)
(sq £t)(OF) also occurs at approximately static sea-level conditions.

Coolant Heat-Transfer Coefficient

For the type of cooled blade considered herein, the coolant flow
regime may be either leminar, transitional, or turbulent. In addition,
the flow is probaebly a mixture of forced flow and free-convection flow
where the direction of the free-convection flow is opposite to that of
the forced-convection flow. This type of flow is referred to as counter-
flow (see ref, 12)., Since there is only a limited amount of heat-
transfer information aveilable for mixed-flow regimes in counterflow
(ref. 12) and it appears that for conditions considered in this analysis
the flow is very nearly in the forced-flow regime, forced-flow - heat~
transfer correlations were used.

Heat-transfer correlations in the laminar and transitional flow
regimes are affected by the geametry of the coolant passage in which
the geometry is usually defined by an aspect ratio « (ratio of the
longer to the shorter side of a rectangular tube). For the return-flow
blade considered herein, the coolant flow between the blade shell and
insert and the flow in the insert can be represented as the flow between
parallel planes (i.e., a large aspect ratio). In figure 2 of reference
6, it is seen that the heat-transfer correlations for leminar, transi-
tional, and turbulent flow can be plotted convenlently as the ratic of
Nusselt number to Reynolds number Nu/Be against Reynolds number. For
this analysis, it is assumed ‘that o = 16 (this value corresponds to
flow between parallel plsnes). It 1s noted in figure 2 of reference 6

N ) 3 - %
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that, for o = 16, the ratio Nu/Re varies:only slightly in the transi-
tional regime. Therefore, it was assumed that Nu/Re is constant in the
transitional regime and alt the same value that results from turbulent
flow for a Reynolds number of 7000. This transitional regime was then
assumed o0 extend down to & Reynolds number that would also result 1n
the same Nu/Re ratio in laminar flow. ’

It must also be pointed out that the flow between the blade shell
and insert is essentially the same as the flow between parallel planes
heated only on one side, whereas the flow in the blade insert approaches
flow between parallel planes heated equally on both sides. It is assumed
that for turbulent and transitional flow regimes, the same heat-transfer
correlations apply for flow between the blade shell and insert and for
flow in the insert because of the flat temperature profiles observed for
these two regimes. For laminar flow, however, the temperature profile
requires that different heat-transfer correlations be used. Thus, for
flow in the insert (equal heat input on both sides), the laminar flow
heat-transfer correlation is Nu = 7.6 (see. fig. 2, ref. 6). It can be
shown from the laws of conduction that for the case of heat input on one
side only, the Nusselt number for laminar flow is about one-half the
value obtained for equal heat input on both sides of the parallel planes.
Thus, for laminar flow between the blade shell and insert, Nu = 3.8.

For the case when the laminar flow Nu = 7.6, the transitional regime
existe between Reynolds numbers of 2400 and 7000, and for Nu = 3.8 1t
was assumed that the transitional regime exists between Reynolds numbers
of 1200 and 7000. Thus, the heat-transfer correlations used in the
present analysis are (ref. 6):

Flow regime Reynolds =~ |Flow betweenjFlow in
number, blade shell |blade
Re end insert, |insert,
- Nu Nu
<1200 3.8 ——
Leminar 22400 e ] 1.8
Transitional | 1200 < Re < 7000}~ 0.60317 Re
2400 < Re < 7000
Turbulent 57000 10.023(Re)0+8(pr)0.4

The Pluid properties in the preceding heat-transfer correlations are
basged on & film temperature. The film temperature for any surface co-
efficient is defined as the average of the blade metal temperature and
the bulk coolant temperature at the span position being considered.
The fluld properties of hydrogen, helium, and air were obtalned from

references 13, 14, and 15, respectively.

6827
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Coolant Friction Coefficients

In order to determine the pressure requirements for the blade being
analyzed, it 1s necessary that coolant friction coefficients be known.
For laminar flow (Re < 2400) and turbulent flow (Re > 7000) the friction
coefficients were obtained directly fram figure 3 of reference 6 where
for the laminer case the aspect ratio o is 16. In addition, it was
assumed. that the equation representing turbulent friction coefficients
would also represent those occurring in the transitional regime
(7000 > Re > 2400) in order to facilitete the pressure calculations.
Since this will result in slightly higher friction coefficients in the

transitional regime, the pressure will probably be higher than that actual-

ly required. The two equations used are

22

=22

Re

for laminar flow, and

-ﬁ: 2 10g (Var Re) - 0.8

for turbulent flow. The turbulent-flow equation is the Kermsn-Nikuradse
equation (ref. 16).

Calculation Procedure

In addition to the variables specified by the turbine geometry
and operating conditions, a range of blade-inlet coolant temperstures
%2500, 500°, 750°, and 1000° R) and blade-inlet coolant static pressures
3000, 6000, and 9000 1b/sq ft) were specified.

In order to determine the required coolant flow within pressure
drop limitations for a glven coolant, blade operating conditions, and &
blade coolant geometry, the coolant flow is calculated first from a
heat-transfer standpoint, and then this coolant flow 'is used to deter-
mine the coolant pressure distribution. The calculation procedure for
the heat-transfer calculations was first to divide the blade into 10
equal spanwilise Increments and assume a coolant flow. (For a few cases,
20 equal increments were assumed. This resulted in essentially the same
temperature distributions and & required coolant flow ebout 2 percent
lower thsn the one obteined with 10 increments.) Then, equation (7)
was used to obtain an approximate value of the total heat input to the
blade where the average value of the alloweble blade temperature distri-
bution was used as the average blade temperature.
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Using the assumed coolant flow and the.approximate total heat input,
the blade-outlet coolant temperature was determined from equation (7).
Then, equations (2), (5), (4), (1), (6), (3), and (1) were applied to
the first increment (at the blade root) in-the order given. In this
cage, the blade-inlet and -outlet coolant temperatured were used 1n

equation (2) for the average values, and theé blade-inlet coolant temper- j

ature was used the first time eguation (1) is referred to so that an
approximate value of blade temperature was determined. The final use of
equation (l) glves the average blade shell ‘temperature at the midpoint
of the first increment. At this point, the average cuolant temperature
as obtailned from equations (5) and (6) was used to recalculate the tem-
pergture values for the first increment. The calculstlon proceeds to
the second increment by utilizing the temperature values obtained for
the first increment.

This procedure continues until a spanwise temperature distribution
has been cbtained for the assumed coolant flow. The calculated blade
temperature distribution is compared to the allowable-temperature dls- .
tribution. If no point of tangency exlsts bhetween thé two curves, another
coolant flow is assumed until a point of tangency does occur. Then the
average blade temperature for the coolant flow which gives a point of
tangency is used in equation (7 to determine the total heat input to
the blede. The entire procedure is repeated until a heat balance is ob-
tained for the blade. That is, the heat flow into the blade 1s egual to
the product of the flow rate and enthalpy ¥ise of the coolant. This
final value of coolant flow is then used in .the pressure dilstribution
equations described in reference 10, and the pressure change through the
blade 1s determined.

The calculation procedure previously described for the difference-
solution equations would apply if the closed-form-solution equations were
used. The advantage of using the closed- form-solution equations is that
en individual temperature distribution such.as Ty (eq. (B15) or (B19))

may be obtained without regard to the other temperature distributions.
In addition, the closed-form-solution equations offer the possibility of
calculating a temperature at a given spanwise p031tion without calcula-
tions at the preceding spanwise positions. 77 -
RESULTS AND DISCUSSION
Camparison of Temperature Distributions Obtained from Difference-
Solution and Closed-Form~-Solution Equations

The spanwise variations in blade shell, coolant, and blade insert
temperatures obtained using the difference-solution eguations and the

-
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two closed-form-solution equations are shown in figure 3. Equations (1)
to (6) were used for the difference solution, equations (B1l5) to (B18)
were used for the closed-form solution considering heat transfer across
the blade insert, and equation (B2l) was used for the closed-form solu-
tion neglecting heat transfer across the blade insert, The results
shown in figure 3 are for a spacing of 0,020 inch between the blade
shell and insert, a gas-to-blade heat-transfer coefficlent of 0.058
Btu/(sec)(sq £t)(°F), and a stress-ratio factor of 1.5. Figure 3(a)
presents the results obtelned for air and a coolant inlet temperature
of 1000° R having & required coolant flow of 0.1235 pound per second.
The results shown on figure 3(b) are for hydrogen and a coolent inlet
tempergture of 250° R having a required coolant flow of 0.0089 pound
per second. The temperature distributions illustrated on figure 3 are
typlcal of those obtained for the other conditions investigated, the
only difference being that the temperature gradients may be more or
less than those indicated. A more detalled discussion of the trends ob-
served on figure 3 will be given in the subsequent section Illustrative
Spanwise Temperature Distributions.

As polnted out previously, in the solutlion of the closed-~form-
solution equations it is assumed that the inside heat-transfer coeffi-
cient h, (and thus, Ap) is constant along the blade span. Conseguently,

the two cases shown 1n figure 3 were chosen because they have widely
different variations in hp. For the conditions of figure S(a), the

variation in h, is approximately 200 percent. In addition to the re~

sults shown in figure 3, camparisons between the difference-solution
equations and the closed-form~sclution equations were also made for
conditions having varistions in he less than 25 percent and between 25
and 200 percent. The resulis of these comparisons are essentially the
same as those indicated in figure 3. For the temperature distributions
shown, a velue of Ap at a spanwise position x/b equal to 0.45 was

chosen arbitrarily for the closed-form-solution equations.

In referring to figure S(a) wherein the blade shell tempersture ob-
tained from the difference solution (eq. (1)) rises from the blade root
to the tip, the shell temperature obtained from equation (B15), which
considers heat transfer acrogs the blade insert, is in falrly good agree-
ment with the shell temperature from equation (1) except near the blade
root where it is about 30° lower. At an x/b of 0.45 there is exact
agreement as expected. Thus, the difference between the solid line
(eq. (1)) and the dashed line (eq. (B15)) for blade shell temperatures
is due to the spanwise varistion in hp. Similar comparisons between
the difference solution and the closed-form solution considering heat
transfer across the blade insert are indicated by the coolant and insert
temperature distributions shown in figure 3(&). For the coolant temper-
ature distribution in leg I, there is slmost exact agreement between the
difference and closed-form solutions.

TGO
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Now, considering the blade shell temperature distribution for the
closed-form solution neglecting heat transfér across the insert (eq.
(B21)), it is noted that both closed-form s&lutions agree at the blade
root and then diverge along the blede span. They agree at the blade
root because the same boundary condition was applied at the blade root
in the solution of the differential equations. Thus, it appears that

neglecting the hest transfer across the blade insert will result in blade

shell temperatures lower than when the heat transfer is considered.
Also, the lower shell temperatures result in lower coolant temperatures
in leg I. (The coolent temperature distribution in leg I when heat
transfer was neglected across the insert was obtalned using the shell
temperatures fram equations (B21) and (1)).

When blade shell temperature obtained from equation (l) decreases
from the blade root until about an x/b of 0.6 and then increases
slightly to the tip (fig. 3(b)), agreement bétween the difference and
closed~form solutiocns is poor. It must be pointed out that the use of
a constant value of Ap in the closed-form-solution eguations can only

result in a shell tempersture distribution that incresses from root to
tip. Regardless of the poor agreement between the blade shell temper-
ature distributions, there is excellent agreement between the coolant
and insert temperature distributions obtained with the difference- and
closed~form-solution equations. The coolant temperature distribution
obtained by using equations {B21) and (1) coincides with that of the
closed-form solution considering heat transfer across the insert. It
should also be polnted out that blade shell temperature distributions
such as shown in figure S(b) which do not increase from root to tip were
obtained only for coolant inlet temperatures of 500° R or less and for
turbulent or transitional flow regimes.

For a given blade design and operating conditioms, turbine-cooling
analyses usually ilnvolve the calculation of the required coolant flow,
as was done in the present analysis, or the calculation of blade shell
and coolant temperature distributions for a given coolant flow. The
preceding discussion indicates that the closéd-form-solution equstions
considering heat transfer across the blade insert may be used for the
blade design considered having coolant inlet temperstures sbove 500° R,
The cholce of the spanwlse position where & constant value of he is
chosen is arbitrary. However, it is suggested that the spanwise posi-
tion chosen would be the one where the blade critical section is ex-
pected to be. Depending on the degree of accuracy desired, the closed-
form~solution equations neglecting heat transfer across the blade insert
may be used for coolant inlet temperatures above 500° R, The use of
this closed-form solutlion may result in blade shell temperatures about
1 to 5 percent lower than those obtained from the difference-solution
equatlions or the closed-form-solution equations which consider heat
transfer ecross the blade insert,

I,SB%T.
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When the coolant inlet temperature is less than 500° R for the blade
of the present analysis, the difference-solution equations should always
be used when calculating a required coolant flow. If temperature dis-
tributions ere desired for a given coolant flow wherein the coolant is
in the laminar regime, the closed-form-solution equations may be used.
For turbulent or transitional flow regimes, the difference-solution
equations should be used.

Tabulated Results

Table I summarizes the camputed solutlions of required coolant flow
per blede (obtained using the difference-solution equations) and the re-
sulting static-pressure change through the blade for the return-flow
turbine rotor blade with a spacing between the blade shell and insert
of 0.050 inch. All results shown in table I are for a turbine-inlet
temperature of 3000° R, a turbine rotor blade root stress of 50,000 psi,
a stress-ratio factor of 1.5, and a flight Msch number of 2.5. In ad-
dition, two gas-to-blade heat-transfer coefficients are indicated. At
a flight Mach number of 2.5, the lower value of coefficient represents
en altitude of 80,000 feet, and the higher value represents an altitude
af 50,000 feet. Because a large number of calculations are involved in
obtaining each coolant flow and pressure change, only those calculations
involving a blade coolant geometry having & spacing of 0.050 inch be-
tween the blade shell and insert were campleted.

The present analysis was intended to show methods of caleulation
and some of the related effects of coolant inlet temperature on blade
shell temperature distributions and coolant flow requirements for &
return~-flow blade using hydrogen, helium, or air as the coolant. For a
return-flow blade in which the coolant circulates, the coolant flow re-
quirements are not as important with regard to engine performance as
those of an air-ccoled blade discharging the air at the blade tip. The
most important point is to determine whether or not the coolant will cir-
culate. This requires a coolant Mach number less tharn 1.0 and & coolent
pressure rise in the blade (if there is no external pump) « Then, the
required coolant flow must be used to determine the design and size of
the ducting necessary to transport the coolent to and from the turbine.
If a heat exchanger is used in the system, then the required coolant
flow wlll also affect the design of the heat exchanger.

The required coolant flows indicated in teble I are the coolant
flows per blade. As a matter of interest, the required coolant flow
per blade for an air-cooled corrugated-insert turbine rotor blade dis-
charging the alr at the blade tip 1s about 0.05 pound per second for a
coolant inlet temperature of 1000° R and & gas-to-blade heat-transfer
coefficient of approximately 0.058 Btu/(sec?%sq £t)(°F). This value
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of coolant flow is gbout 1/6 of that required for the air-cooled return-
flow blade (table Ifc)). It must be remembered, however, that the amount
of coolant flow requlred for the return-flc¥W blade is not as Important

as for the alr-cooled corrugated-insert blade, becausé the air or other
coolant does not have to be bled from the compressor flow and is not
dumped into the teilpipe to dilute the exhaust gas.

An exsmination of table I shows that, in general, the required
coolant flow decreases snd then increases as the coolént inlet temperature
is reduced from 1000° to 250° R. Also noted in table I are the coolant
flow regimes obtained for the coolant flowing between the blade shell and
Ingert. It is of interest to observe that leminar flow existed only for
8 coolant inlet temperature of 250° R, a gas-to-blade-heat~-transfer co-
efficient of 0.0213 Btu/(sec)(sq £t)(°F), and hydrogen. For all other
conditions the flow was either transitional or turbulent with the ma-
Jority of the results being in the transitional regime. The reasons for
the trends observed in table I will be discussed in conjunction with the
discusslon of the figures which follow subseguently. .

Pregsure requirements, - The coolant static pressures at the blade
inlet, tip, and outlet are listed in table I. The cades for which a
coolant Mach number of 1.0 was obtained in the coolant passage are indi-
cated as having no solution. As was polnted out previously, no correc-
tion was made of the coolant static pressure at the blade tip to account
for the fact that the coolant is turned 180° at the tip. A requirement
for the coolant to pass through the blade without an external pump is
that there is a pressure rise (due to rotation) through the system.

When using hydrogen &s the coolant (teble I(a)), it is noted that
there is sufficlient statlc pressure availeble to pass the cooclant through
the blade except for a gas-to-blade heat-transfer coefficient of 0.,0580
Btu/(sec)(sq £t)(°F) and a coolant inlet static pressure of 3000 pounds
per sqguare foot. An inlet pressure of 9000 pounds pe¥ sguare foot cor-
responds espproximately to the compressor-exit pressure for the turbojet
engine under investigation. For inlet pressures of 8000 and 9000 pounds
per square foot, static-pressure rises occur through the blade for all
conditions and for some of the conditions at an inlet pressure of 3000
pounds per square foot. For those cases where a pressure drop occurs
through the blade for an inlet pressure of 3000 pounds per square foot,
the pressure drop is small. Thus, there appears to be no major problem
in having sufflcient pressure avilable for_passing hydrogen through the
return-flow blade of this analysis,

It is noted in table I(b)} (helium) that at a gas-to-blade heat-
transfer coefficilent of 0.0580 Btu/(sec)(sq £t)(°F) an inlet coolant
pressure of 3000 pounds per square foot is insufficient to pass the re-
quired coolent flow for all coolant inlet temperstures. For coolant
inlet temperatures of 750° and 1000° R, an inlet pressure of 6000 pounds

.682%



aealed

Cl=5

i n e
NACA RM E5TBLS Y ol 17

rer square foot is insufficlent. At the lower gas-to-blade heat-transfer
coefficient 811l values of inlet pressure are adequate except for coolant
inlet temperatures of 750° and 1000° R. Thus, the problem of passing

the required amount of coolant using helivm is more difficult than that
using hydrogen for ell the conditions investigated.

When air is used as the coolant (table I(c}), the problem of pass-
ing the required coolant flow at the high value of the gas-to-blade
heat-transfer coefficient becomes much more critical than for either
hydrogen or helium. A coolant inlet static pressure of at least gbout
9000 pounds per square foot is required for coolant inlet temperstures
of 250°, 500°, and 750° R, and & pressure somewhat greater than 9000
pounds per square foot is required for an inlet temperature of 1000° R.
At the lower velue of the gas-to-blade heat-transfer coefficient, all
values of inlet pressure are sufficient for passing the flow except for
an inlet temperature of 1000° R and an inlet pressure of 3000 pounds
per square foot.

From the preceding discussion it is evident that once the required
coolant flow 1s determined for a return-flow turbine blade using & given
gaseous coolant, it is extremely important that the pressure change
through the blade be determined to see that the coolant can be passed.

Illustrative spanwise temperature distributions. - Two different
types of blade shell temperature distribution were cbserved when fig-
ure 3 was referred to previously. The blade shell temperature increased
fram the blade root to the tip (fig. 3(a)), decreased from the blade
root to about an x/b of 0.6, and then increaesed slightly to the blade
tip (fig. 3(b)). The temperature distributions illustrated in figure 3
are fairly typlcal of those obtained for the other conditions investi-
gated, with slight varietions. In a few cases, the blade shell temper-
ature distribution was practically constant from blade root to tip.

For all the conditions investigated wherein the blade shell tempera-

ture decreased from blade root to tlp or was practically constant, the
coolant flow regime was elther transitional or turbulent, and the coolant
inlet temperature was 250° or 500° R. For those cases where the blade
shell temperature rose from blade root to tip for coolant inlet temper-
atures of 250° and 500° R the coolant flow was laminar. The blade shell
temperature always increased from blade root to tip regardless of the
coolant flow regime for coolant inlet temperatures of 750° and 1000° R.

The decreasing blade shell temperatures from blade root to tip for
coolant inlet temperatures of 250° and 500° R and the transitional or
turbulent flow can be atiributed to the fact that the coolant heat-
transfer coefficient is a function of the bulk coolant temperature and
film temperature at a given span position. The bulk coolant temperature
is defined as the average of the coolant temperatures at the inlet and
outlet of a blade spanwise increment, and the film temperature is the
average of the blade shell and bulk temperstures at & given spanwise
increment. The preceding statements will be explained somewhat by the
followlng equations.
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For turbulent flow, ' o ' T
Nu = 0.023(Re)0-8(pr)0-4 (9)

If Prandtl number is assumed constant, equation (9) can be rewritten as

heDy, G%ﬂm

y

X =CIE§EE (10)

682¥

From references 13 to 15 the fluid properties can be evaluated as a o
function of the film temperature so that equation (10) becames T -

0.870.8
C W . T LY
hc = 8% b . - (ll)
s o ' o
f e~ - .__-.—

where 8 1s an exponent which, depending on the coolant physical proper-
ties, will vary between about 0.50 and 0.75. An equation similer to
equation (11) can be cbtained for the transition regime:

Wch -

= (12)

»

h =04

where m 1is an exponent dependent on the coolant physical properties.

The exponent m will not necessarily have the same value as s of -
equation (11) because of the different exponents on the Reynolds number

for transitional and turbulent flows. .

The coolant heat-transfer coefficient in equations (11) and (12)
can be eveluated as a function of bulk tempérsture by assuming a constant
blade temperature at any given spanwise increment and a constant coolant
welght flow. At the lower bulk temperstures, 250° to 500° R, the coolant
heat-transfer coefficient lncreases with an increase.in bulk temperature
at a faster rate than it does in the range:of bulk temperatures above
500° R. Thus, because of the grester rate of lncrease of the coolant _
hegt-transfer coefficient along the blade span in theé range of low cool- )
ant bulk temperstures, the blade shell température decreases or remains . -
relatively constant from blade root to tip when the flow 1s in either o .

transitional or turbulent range. = o

Several Factors Affecting Required Coolant Flow

The chenges in the required coolant flow due to varlations in the .
blade-inlet coolant temperature are shown in figures 4 to 6. In addi- o
tion, the effects of the coolant used, the spacing between the blade '
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shell and insert, and the stress-ratioc factor on the required coolant
flow are shown in figures 4, 5, and 6, respectively.

Effect of blade-inlet coolant temperature. - An interesting point
derived from figures 4 to 6 is the trend observed for the required
coolant flow as the blade-iniet coolant temperature is changed. In all
cages the required coolent flow decreases as the coolant inlet temper-
ature is reduced until a minimum value is reached. Then, further reduc-
tions in the coolant inlet temperature cause an increasse in the required
coolant flow. Similar trends may be observed in teble I. Thus, the re-
sults shown in figures 4 to 6 and table I indicate that there is same
limiting value of blade-inlet coolant tempersture where further reduc-
tions in this temperature are undesirsble for the purpose of reducing the
required coolant flow. For all the conditions investigated wherein the
required coolant flow decreases and then increases with reductions in
the coolant inlet temperature, the coolant is in the turbulent or transi-
tional regime for each coolant inlet temperature (see table I). It
laminar flow existed for each coolant inlet temperature, then reductions
in coolant inlet temperature would cause reductions in the required cool-
ant flow. :

The trends shown in figures 4 to 6 and table I may be explained in
two ways. In order to proceed with the explanation it must be pointed
out that for scme of the conditions investigated, the amount of heat re-
moved Q was relatively constant as the coolant inlet tempersture was
changed from 1000° to 250° R. In other cases, however, the value of Q
decreased and then increased as the coolant inlet tempersture was re-
duced. Thus, for the latter cases, the required coolant flow may be
higher at a coolant inlet temperature of 250° R than at, say, 500° R,
because Q 1s higher at 250° R. For the cases wherein Q is relatively
constant, the trends shown in figures 4 to 6 and table I may be explained
by using equations (11) and (12) and the following relation:

Q= h,1,0(Tp - T,) (13)

Combining equations (11) and (13) and equations (12) and (13), solving
for the coolant flow, and assuming that @Q 1s constant result in

+ Tp\&
0.8 = cs(% 2 ) (14)
¢ 8Ty - )

for turbulent flow, and

(15)
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for transitional flow. Assuming a range of values of blade and bulk — 20l
temperatures for coolants of hydrogen, helium, and air for equations o
(14) end (15) shows exactly the same trends as those3n figures 4 to 6 .
and table I. That is, as the bulk temperature was reduced, the coolant -
flow decreased until a minimum was reached and then increased with

further reductions in bulk temperature. This again is due to the effect . .
of the coolant properties (expressed as a function of film temperature) _
on the coolant heat-transfer coefficient. The effect of variations in -
blade temperature shifted the minimum tempersature point: +the higher the
blade temperature, the higher the minimum coolant temperature.

Effect of coclant. - The effect of the type of coolant used in the
return-flow turbine blade on the regquired coolant flow is illustrated
in figure 4 for a gas-to-blade heat-transfey coefficient of 0.0580 '
Btu/(sec)(sq £t)(°F). As would be expected because of the excellent
heat-transfer charscteristics of helium and hydrogen (the gspecific heats
of helium snd hydrogen are 1.24 Btu/(1b)(°F) and about 3.5 Btu/(1b)(°F),
respectively, as compared to 0.24 Btu/(1b)(°F) for ailr), the required
coclant flows have been reduced comnsiderably when using helium or hydro-
gen instead of sir. For example, the use oJf air as the cooclant for a _ -
given coolant inlet temperasture requires an increase in the required -
coolant flow of about 15 times over that required when using hydrogen L
and about 6 times as much as that reguired when using heliuwm. It is - —
noted that the ratic of the cooclant flow reguirements for any two of the .
coolants is approximately the same as the réatio of their specific heats. -

i 6887i

Effect of spacing between blade shell 8nd insert. - The reductions
obtained in the required coolant flow as thé spacing hetween the bhlade
shell and insert is decreased from 0.070 to 0.020 inch are presented

é?

for a gas-to-blade heat-transfer coefficient of 0.0580 Btu/(sec)(sq ft)
(°F) using coolants of hydrogen (fig. 5(a)) and air (fig. 5(b)). For
both hydrogen and air the required coolant flow is reduced by a factor

of approximately 3% as the spacing is changed from 0.070 to 0.020 inch.

The coolent is in the turbulent or transitional regime for all of the .
conditions shown in figure 5. - = .

From & heat-transfer standpoint, the advantage of decreasing the
spacing between the blade shell and insert from 0.070 tc 0.020 inch is
aspparent in figure 5. For both hydrogen and air the required coolant
flow has been reduced considerably. For exémple, the required coolant
flow for a spacing of 0.070 inch, hydrogen, and & coolant inlet temper-
ature of sbout 600° R is spproximately 4 times the amount required for
a spacing of 0.020 inch with other conditions being the same. It was _
expected that the coolant flow requirements would be Yeduced as the spac-
ing between the blade shell and insert was changed fram 0.070 to 0.020 _
inch because the coolant velocities are increased as the flow passage -
becomes smaller and, thus, the coolant heat-transfer coefficient
increases. E
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The preceding discussion indicates that, from a fabrication stand-
point, it is desirable to have as small a spacing between the blade
shell and insert as practicel in order to reduce the coolant flow re-
quirements., However, the results shown in figure 5 do not consider the
pressure limitations that may be encountered for the varlous spacings
and coolants shown. It is noted in teble I(a) for a gas-to-blade heat-
transfer coefficient of 0.0580 Btu/(sec)(sq £t)(°F) that sufficient
pressure 1s available for passing the coclent flow for all coolant inlet
temperatures and pressures except for & coolant inlet temperature of
1000° R and a pressure of 3000 pounds per square foot. Although the re-
sults shown in table I(a) are for hydrogen and & spacing of 0.050 inch,
it may be assumed that there will be sufficient pressure available to
pass the required coolant flows obtained for hydrogen, a spacing of
0.070 inch, and the conditions indicated in teble I(a). This assumption
cannot be made when the gpacing is reduced to 0.020 inch. For the con~-
ditions indicated in figure S(a) and & spacing of 0.020 inch, calcula-
tlons show that a coolant inlet pressure of 3000 pounds per square foot
was not sufficient to pass the coolant flow at any coolant inlet tem-
perature, and a coolant inlet pressure of 6000 pounds per square foot
was not sufficient to pass the coolant flow at coclant inlet tempera-
tures of 750° and 1000° R. It 1s noted in table I(c) and figure 5(b)
for a spacing of 0.050 inch that with air as the coolant a coolant in-
let pressure of 9000 pounds per square foot is required to pass the flow
for inlet temperatures of 250°, 5000, end 750° R, and a value greater
than 9000 pounds per square foot would probably be required to pass the
flow at & coolant inlet temperature of 1000° R. For a spacing of 0.070
inch with air as the coolant, the pressure requirements were only slight-
1y better than those indicated in table I(c), and for a spacing of 0.020
inch the pressure requirements were worse. Thus, in order to design
successfully a recirculating-type hollow turbine blade with insert, both
heat~transfer and pressure calculations must be made for the given cool-
ant geometry, coolant, and conditions.

Effect of stress-ratio factor. - The design value of the turbine
rotor blade stress is usually larger than the actual centrifugal stress
for cooled turbine blades. This difference may be accounted for by in-
troducing a constant of proportionality called the stress-ratio factor.
Limited unpublished experimental data obtained on air-cooled turbine
rotor bledes fabricated from high-temperature alloys indicate that
gtress-ratio factors from about 1.5 to 2.0 were obtained. The results
that have been presented in this report have been for a stress-ratio
factor of 1.5, In order to determine the effect of a stress-ratio
factor of 2.0 on the required coolant flow, calculations were made for
hydrogen, a spacing between the blade shell and insert of 0.050 inch,
and a gas-to-blade heat-transfer coefficient of 0.0580 Btu/(sec)(sq ft)
(°F). The results of this calculation are shown in figure 6. With a
large stress-ratio factor the allowable blade temperature for & glven
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stress value will be decreased and, thus, the coolant flow requirements
will be higher. The results shown in figure 6 indicate that the required
coolant flow for a stress-ratio factor of 2.0 is about 12 to 20 percent
higher than that obtained for a stress-ratio factor of 1.5.

Effect of coolant flow rate on size of coolant ducting. - Once it
has been established that for a given set of conditions and return-flow
blade geametry the required coolant flow can be circulated, the size of
ducting necessary to transport the coolent to and from the turbine mugt be
determined. If a heat exchanger is used in, the coolant system, then the
required coolant flow will alsc affect the deslgn of the heat exchanger.
The calculatlions necegsary to determine the ducting size and possible
heat-exchanger design for the return-flow blade coollng system are be-
yond the scope of this report. However, it is desirable to have scme
indication of the relative size or weight of the dueting required to
transport hydrogen, helium, or sir with all other 0perating conditlions
remaining the same.

A comparison of the size of the ducting required to transport the
coolant to the blade was made on the basis of equal pressure losses for
a condition of turbulent flow in the ducts.: This camparison was made in
the following manner:

The pressure loss in the pipe due to friction alone can be expressed
as :

vasz Z '
N (16)

for the case of constant values of pressure loss AEY?, length L, and
coclant Mach number M. Equation (16) can be rewritten as

AP =

= Kifv (17)

For turbulent flow the friction coefficient can be given by (ref. 17,
p. 119)

0.046 (18)

Canbining equations (17) and (18) glves

D=K—> (18)

O 2

. 6B82¥
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ITf the Reynolds number of the coolsnt is defined as

D
Re = F_C__
Apg
then equation (19) becomes
125/ \0"%°
D = () (—W—) (20)

Using equation (20) and the properties of the coolant at the blade
inlet, the required coolant ducting diameters (pipe diameters) are pre-
sented in figure 7 on a relative bases where the required pipe diameter
for air at an inlet temperature of 250° R was used as the base. The
conditions investligated are for a gas-to-blade heat-transfer coefficient
of 0.058 Btu/(sec)(sq £t)(°F).

Figure 7 shows that the use of air as the coolant would require the
smallest size ducting. Hydrogen and helium require pipes about 1.6 and
1.9 times the diameter of the air ducting. Hellum requires s larger
size pipe than hydrogen because of the effect of a larger value of T
in equation (20). The values of 1 for helium, hydrogen, and air are
approximately 1.66, 1.3, and 1.40, respectively. The air curve stops
at an inlet temperature of 750° R because choking occurred in the coolant
pessage for an inlet tempersture of 1000° R (see table I(c)).

Without a complete analysis not too much can be said about the
welght of the required ducting except that the pipe weight will increase
with the required diameter and wall thickness, which will be a fumction
of the required pressure for constant AP/P.

The preceding discussion points out the necessity of taking extreme
care in evaluating s return-flow blade coolent system using hydrogen,
helium, or air. Although the required coolant flow rates for hydrogen
and helium are considerably smaller than those obtained for air, the
coolant ducting requirements based on egual pressure losses, equal cool-
ant Mach number, and equal duct strengths are more severe than those for
air with respect to size and welight.

CONCLUDING REMARKS
The purpose of this Iinvestigation was to obtain the coolant flow
and pressure requlrements for a return-flow turbine rotor blade design

which utilizes hydrogen, helium, or air as the coolant. The results
presented herein were obtalned for only one turbine geometry and two

bidad sy Y
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operating conditions which are representative of a turbojet engine cap- .

able of supersonic flight at high altitudes., In addition, a range of

coolant inlet temperatures and pressures was assumed._ It is believed _

that the trends observed in this analysis are representative of those =

which would be obtained st other operating conditions._ . 'S
os]
©

Without further study 1t is difficult to reach definite conclusions
as to the relative adventages or disadvantages of alr-cooling systems
wherein the air is discherged at the blade tip, liquid-cooling systems,
and the recirculating-gas cooling system consldered in the present report.
For a given engine design and operating conditions each cooling system
must be evaluated on the basis of (1) emse of fabrication of the particu-
lar cooled turbine blade design, (2) the required size and weight of the
coolant ducting, and (3) the effect of the given cooling system on en-
gine performence. With regerd to engine performance, the recirculating-
gas cooling system would have the same effect on performsnce as the
liquid-cooling system,

On the basis of the results of this analysis it appears that the
return-flow blaede design considered herein would cool turbline blades : -
adequately over a wide range of operating conditions using either hy-
drogen, helium, or air as the coolant. It is well to point out that
cooling systems using hydrogen or helium may present additional compli-
cations because of the difficulty in seeling these two coolants in a .
closed system. Also, on the basis of the preliminary calculations made )
on coolent duct size, both hydrogen and helium will require larger and .
possibly heavier coolant ducts than air, even though thelr respective
coolant flows are considerably less than air.

SUMMARY OF RESULTS

The results of this analytical investigation to determine the
coolant flow and pressure reguirements of a return-flow turbine blade
design which utilized hydrogen, helium, or air are summarized as
follows: B '

1. The use of air as the coolant for the return-flow blade requlres
an increase in the required coolant flow of about 15 times that required
when using hydrogen and sbout 6 times as much as that required when us-
ing helium.

2. When air is used as the cooclant for the return-flow blade, the
problem of passing the requlred coolant flow becomes much more critical
than for either hydrogen or helium. '
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3. Regardless of the coolant used, with transitional or turbulent
flow a minimum value of coolant inlet temperature is reached where
further reductions in this temperature will result in increases in the
required coolent flow.

4, Decreasing the spacing between the blade shell and insert from
0.070 to 0,020 inch reduced the required coolant flow by & factor of

approximately 5% for hydrogen and eir used as the coolants. Care must

be taken, however, that the spacing is not so small that extremely high
pressures will be necessary to pass the required coolant flow,.

5. For a range of coolant inlet temperatures from 250° to 1000° R,
& change in stress~ratio factor from 1.5 to 2,0 results in sbout & 12 to
20 percent increase in the required coolant flow,.

6. On the basis of preliminary calculaticns, the use of air as the
coolant for the return-flow blade would require the smellest diameter
coolant dueting to transport the coolant to and from the bturbine bledes.
Hydrogen and helium required pipes about 1.6 to 1.9 times the dlameter
of the air ducting.

7. The use of equations which neglect the heat transferred across
the blade insert will result in blade shell temperatures from about 1
to 5 percent lower than those obtained when the heat transfer across
the insert is considered.

Lewls Flight Propulsion Isboratory
Nationsl Advisory Committee for Aeronsutics
Cleveland, Ohio, February 21, 1857
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APPENDIX A
SYMBOLS . ' -
A flow area, sq ft
b turbine blade span or length, ft -
c constant in eqg. {10) %
C3,Cq
- } constants in eqs. (11), (12), (14), and (15)
5’78
cp specific heat et constant pressure, Btu/(1b) (°F)
D diemeter, ft «
Dy hydraulic dismeter (for infinite slot, 2 times spacing which
mekes up flow passage), ft . "
F mean coefficient, functlion of blade transition ratioc and Euler
number _ :
hiy friction coefficient o -
g stendard acceleration dvue to gravity, 32.174 ft/sec2
h average heat-transfer coefficient, Btu/(sec)(sq £t)(°F)
J mechanical equivalent of heat, 778”ft-Ib/Btu

Ky oKy
constants in eqs. (17), (19), and (20)

k thermal conductivity, Btu/(sec)(£t)(°F)
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Nu

Pll

length, ft
perimeter

coolant Mach number

exponent, function of coolent physicel properties

number of blade spanwise increments

Nusselt number, b Dy [k,

static pressure, Ib/sq 't

total pressure relative to turbine rotor blade, 1b/sq ft
Prandtl number, cppg/k

heat input, Btu/sec

Reynolds number of coolant, w.Dp/Aug

radlus, ft

exponent, function of coolant physical properties
temperature, °r

total temperature relative to turbine rotor blade, °R
average blade shell temperature at spanwise position, SR
bulk coolent tempersture, °R

coolant temperature wilith respect to coolant passage, °rR
film coclant temperature, °r

veloclty, ft/sec

weight flow, 1b/sec

spanwise distance measured from blade root, ft

exponent, function of blade transition ratio and Euler number

aspect ratio, longer side of rectangular tube/shorter side of
tube
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ratio of specific heats

XB h'g/hc,I,B

XS hc,I,S/hc,II,S

m viscosity, slug/(sec)(ft)

p density, lb/cu Tt -
w enguler velocity, radian/sec

Subscripts:

av average _
B blade shell

c coolant -
e effective

g gese

h blade root

i inside

in blade inlet

n number of spanwise increments

o} outside ~
out blade outlet

r redius, ft

S blade insert

t total

p 4 spanwlise distance wmeasured from blade root -
I coolant leg between blade shell and blade insert (see fig.
II coolant leg in hollow insert (see fig. 2)

NACA RM E57B18

6927
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ONE-DIMENSIONAL SPANWISE TEMPERATURE DISTRIBUTION EQUATIONS FOR
RECIRCULATING-TYPE HOLLOW TURBINE BLADE WITH INSERT
Difference Solution Conslidering Heat Transfer Across Insert
A hest balance for & small section of blede height Ax (see fig.

2), neglecting radial conduction and radiation, results in the following
two equetions:

thOAx(Tg’ e - Tg) = hc,I,BIOAx(TB - TC,I) (B1)
and
be, 11,508 %(Te 11 = Tg) = B 1 glex(Tg - To 1) (82)

The temperature rise of the coolant in leg I due to heat transferred
by the shell and insert is

WCCP(TC,I,XiAx - c,I,x) = thoAX(Tg,e - Tg) + hc,II,SZSAx(Tc,II - Tg)
(B3)

The heat transferred by the insert to the coolant in leg IT is
wolp(Te,T1,x4ax = Te,IT,x) = be,II,8?sA%(Te,11 - Ts) (B4)

The coolant temperature rise from the blade root (r = rh) to any radius
r due to compression is given by

aTe _ ofr
el (B5)

where
r=Try +x
Integrating equations (B5) between the limits of r, and r gives

. @2(ré - rf)
c,r T Te,ry Zgdcy

(B6)
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By considering n numnber of increments Ax, equation (B6) can be
written as

L {(h+nAx) -[rh+(n—l)/-5x:lz}

c,r+oAx Tc,rh+(n-l)Ax ZgJ

or, by simplifying,

w?Ax
To,r+nnx - Tc,rh+(n-l)Ax 2edcy [Zrh + x(2n - 1)] (B7)

By combining equations (B3) and (B7), the coolant temperature out in
leg I for the increment Ax (fig. 2) becomes

. . bglefx(Tg,e - Tg) + e, IIJSZSAXCTC 1r - Ts)

T
c,I,x WeCp

c,I,xtAx ©

ofix [2ry + Ax(2n - 1)]  (5)
Zch

Likewise, by combining equations (B4) and (B7) the coolant tempersture
out in leg II for the increment Ax (fig. 2) becomes

Be, 17,80 (Te 7 - Tg)  oPfAx[ary & Ax(en - 1)]

Te,11,x = Te,II,x4x ~ alp 2835y,
(6)

The blade shell and insert temperatures for an increment Ax are ob-
tained from equations (BlL) and (B2):

B 1+ Ag

Te = Tc,II + XSTC;I (2)

S I+ Ag
where
h

6827
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Closed-Form Solution Considering Heat Transfer Across Blade Insert

A closed-form solution mey be cbteined by utilizing equations (1)
and (2) and the following two expressions for the change in coolant tem-
perature in legs I and IT due to heat transfer and compression:

AT, 1 Balo(Tg,e - Tn) . be 17,8%8(Te, 11 - Tg) | @B(ry + x)

dx =~ Cp¥e Cp¥e gdey, (

B8)

ATo 11 Be,17,805(Te, 17 = Tg)  0P(ry + x)
x = CpWe + chP

(B9)

The next step in the derivation of the desired blade and insert tempera-
ture distribution equations is to solve equation (1) for Tc,I’ obtain

8T ,1/dx, solve equation (2) for T, 1y, and obtain AT 7y/dx. The

value of Tc,I obtained from equation (1) is inserted in equation (2).

In addition, the value of Tc,II obtained from equation (2) is inserted

in equations (B8) and (B2). Therefore, by assuming Tg,e and kg are

?o?stant along the blade span, the following is obtalned from equation
1):

Teal L (1 40g) 22 (B10)

From equations (1) and (2), for constant values of T, es Ap; and Ag

&y 11 arg amy
ot R g gy (e11)

Equeting equations (B8) and (BlO), substituting the value of Te,r1 from
equation (2) (and substituting the value of Te,I Trom eq. (1) in eq.
(2)) in equation (B8), and simplifying lead to the following equation:

dTy
Tt GTp = GTg + Gx + G, (B12)

where
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G hgzo hc,I,SZS -
= +
1 wbcp(l + Ap) WeCp
h 1 N e
c’I,S S ol - A
%2 = S5, (T p) 8
G = w?
37 gdep(l + )
belo . Be,1,8%s Ay
VeCp Wolp o
Gy = L+ Ag - Tg,e + GgTy

Likewise, equating equetions (B9) and (Bll), substituting the value of

Te,17 from equation (2) in equetion (B3), and simplifying lead to the

desired equation for dTS/dx:

dTg
o *+ O5Tg = GgTp + GoX + Gg (B13)
where
G = hczI,SZS B
S W‘ccp
nl Ay .
= - g0 ;
G = (1 + )05 - T 7 xg)
G, = a?
7" chp
h, I A h, .t gl
% = Tase [(1 e T SXB] + G7y
S‘ep cp

The boundsry conditions assigned to equations (Bl2) and (Bl3) are

B:b X = 0] TC,I = Tc’]'j{=o = Tc,in

(B14)
and at x =D T
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Simultaneous first-order linear dilfferential equations with constant
coefficients (egs. (Bl2) and (BL3)) involving two dependent veriables
(IB and TS) and one independent varisble x are now availsble. A
solution of these simultaneous differential equations may be obtained by
following the procedure outlined on page 312 of reference 18. The solu-
tion results in the following two equations:

o'lH
™

m my =
= 3 4 pd
Ty = C;¥;e +Co¥pe * P + ¥z =+ Y, | (B15)

od b
o'IM

m m,
3 4. x
Tg = Cye + Coe - Y55 + ¥ (Bls)

where C; and C, are integration constants, mz and wmy are real,
and Yy, Y,, Yz, ¥4, Y5, &and Yy are given by

Go
h = m o+ Gy
;- G
2 m2 + Gl
GoYy
(Gs " g )b
Y, =
3 Gl
G.Y
2¥7
G1¥g - G5 + ¥~
¥y = o
1
¥ b
Y = ok
5 T3
‘. (Ysylo +YllY7)
5 = -
g

Lg = Gglp - GsGy
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e ¥y,¥
Lo % ¥y
Yo =8 - g (Ylo Y )

=<
i)
(@]

1

my = mzb

i - ~(g + G) +4/(Gs + G;)2 + 4¥g
. _

-(G5 + @) - af(Gs +.0,)% + 41,
2

m2=

By using equations (1), (2), (Bl4), and (B15), the coolant tempera-
ture distribution equations can be found:

To,r = (L +Mp)\¥aCre = ° + Yplpe © P 4 Yz £ 4+ ¥, - ﬂﬂg- (B17)

X X
"5 " o x
TC,II = (1 + Xs)(cle + Coe - Y5 5t Yg ) +

AT - X - X
B g,e 3D 4D P4
(1 +rg) (xs)(-l-;ﬁg - ¥,C e - Y,Coe - Yy - 24) (B18)

The coolant inlet temperature Tc,I,in is assumed. Thus, the use
of the first boundary conditions of equations (Bl4) and (BL7) yields

1 1
=¥ T AT -YC. - 9
" Yl[l + g (Te, 1,10 * 25 g,e_) T2 - Y4] (B19)

Using the second boundary condition of equation (Bl4) in (BL7) and (BLS)
and the preceding expression for C; yields

682¥%
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Tc,I,in XBTg,e

m
'3
) X [Yl(lﬂ.B) - 1](1 e 1T e -Y4) +(140g) (YY) + ¥, -~ Y, - XBTg’e
2:

Yzem-?)

7 [Yl(l +Ag) - 1] - em4[Y2(1 + ) - 1]

(B20)

Equation (B20) allows CZ to be evaluated when the inlet coolant

temperature, the various geometries, and constants are assigned. This,
in turn, permits calculation of Cj from equation (B19), and, hence,

Tgs Tsgs Tc,I: and Tc,II may be calculated from equations (Bl5) through
(B18), respectively.

Closed-Form Solutlon Neglecting Heat Transfer Across Blade Insert

Once the heat being transferred across the blade insert is considered

negligible, then the blade shell temperature distributlon equation de-

‘rived in reference 5 (considering the same simplifying assumptions made

in the present analysis) is applicable for the return-flow blade design
described herein. The derivation of reference 5 results in a first-
order linesr differential equation with constant coefficient. Applica-
tion of the boundary condition Tc,I = Tc,in when x = 0 resulis in a
closed-form solution for obtaining the spanwise blade shell temperature
distribution. The equations which give this blade shell temperature
distribution are equations (18) and (20) of reference 5. Equation (18)
considers the coolant temperature change due to heat transfer and rota-
tion, and equation (20) considers the change due to heat transfer only.
In general, the rotational terms are small and mey be neglected. Egua-
tion (20), in the notstion of this report, is

_( 1 Belo gb E)
1+ c w b
e B “ple (B21)

Ty = Tg,e - (Tg,e - Tc,in) T+ g
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TABLE I. - COOLANT REQUIREMENTS FOR RECIRCULATING-TYPE
HOLLOW-INSERT TURBINE BLADE
[Turbine-inlet temperature, 3000° R; flight Mach
number, 2.5; blade root stress, 50,000 psi;

stress-ratio factor, 1.5; spacing between blade
shell and insert, 0.050 in]
(a) Coolant, hydrogen
Gas-to- Coolant | Required |Coolant Coolant |Coolant Coolant
blaede heat~|inlet |coolant linlet static |outlet flow
transfer temper- |flow per {static pressure |static regime
coeffi- ature, |blade, |pressure,|at blade |pressure,
Cienltl’ Te,in, Vs Po,ins tip, - Pe,onts
g’ OR 1b/sec | 1b/sq £t|FPe,I,b, | 1b/sq £t
Btu/(sec) 1v/sq ft
(sq £t) (°F)
0.0580 250 | 0.0244 3000 2738 2,943 |Transitional
86000 6261 7,624
9000 9572 11,790
500 | 0,0171 3000 2657 2,945 |Transitional
6000 6051 7,472
9000 9248 11,540
750 | 00,0165 3000 24186 2,387 |Transitional
60C0 5910 7,289
9000 9094 11,380
1000 | 0.0194 3000 (a) (a) Transitional
6000 5668 6,862
9000 8914 11,110
0.0213 250 | 0.0017 3000 3090 3,911 |ILeminar
6000 6224 7,881
9000 9387 11,900
500 | 0.00863 3,774 |Transitionsl
7,610
11,410
750 | 0.0061 3,822 |Transitional
7,748
11,640
1000 | 0.0071 3,776 |Transitional
7,719
11,620

No solution.

'6892F .
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TABLE I.

- Continued.

TYPE HOLLOW-INSERT TURBINE BLADE

39

COOLANT REQUIREMENTS FOR RECIRCULATING-

[Turbine-inlet temperature, 3000° R; flight Mach number,

2.5; blade root stress, 50,000 psi; stress-ratio

factor, 1.5; spacing between blade shell and insert,

0.050 in,]
(b) Coolant, helium
Gas-to- Coolant [Required |Coolant Coolant |[Coolant Coolant
blade heat-|inlet coolant |inlet static outlet flow
transfer temper-|flow per |static pressure |static regime
coeffi-~ sture, |blade, pressure, |gt blade [pressure,
clent, Tc,in’ Was Pc,in! tip, Pc,out)
Bg, °R | 1b/sec |1b/sq £t |Po,I,bs |1b/sq ft
Btu/(sec) 1b/sq £t
(sq £t) (°F)
0.0580 250 | 0.0875 3000 (a) (a) Transitional
6000 6077 6,390
9000 9897 11,280
500 | 0.0476 | 3000 (a) (a) Trensitional
6000 5663 6,180
9000 9248 10,890
750 | 0.04863 3000 (a) (a) Transitional
6000 (a) (a)
9000 8553 10,011
1000 | 0.0534 | 3000 (2) (a) Transitional
8000 (a) (a)
9000 8185 8,376
0.0213 250 | 0.0248 3000 3100 3,850 |Transitionsal
6000 6402 7,963
9000 9690 12,050
500 | 0.0175 3000 3002 3,463 |Transitional
6000 6388 7,701
9000 9681 11,744
750 | 0.0171 3000 2844 5,236 |Transitional
6000 6204 7,543
9000 9435 11,569
1000 | 0.0201 3000 2474 2,439 |Transitional
6000 6008 7,275
9000 9245 11,360

8No solution.
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TABLE I. - Concluded. COOLANT REQUIREMENTS FOR RECIRCULATING-
TYPE HOLLOW-INSERT TURBINE BLADE .
[Turbine-inlet temperature, 3000° R; flight Mach number,
2.5; plade root stress, 50,000 psi; stress-ratio
factor, 1.5; spacing between blade shell and insert,
0.050 in. ]
(c) Coolent, air
Gas~-to- Coolant [Required |Coolant |Cooclant |[Coolant Coolant
blade heat-|inlet |coolant |inlet static [|outlet flow
transfer temper- |flow per |static pressure |static regime
coeffi- ature, |blaede, |pressure,|at blade |pressure,
Cienﬁ’ Te,ino| Yoo Pe,ins |F1F; Pe,out’
’ OR | 1b/sec |1b/sq £t |Fe,I,bs |1b/sq ft
Btu/%sec) 1b/sq ft
(sq £t) (°F)
0.0580 250 | 0.3629 3000 (a) (2) Turbulent
6000 (a) (a)
9000 23,022 11,885
500 | 0.2551 | 3000 (a) (a) Turbulent
6000 (a) (a)
2000 14,720 10,085
750 | 0.2528 3000 (a) (a) Turbulent
6000 (&) (a)
9000 11,800 7,094
1000 | 0.3129 3000 (a) (a) Turbulent
6000 (a) (a)
3000 (a) (a)
0.0213 250 | 0.1165 3000 7,336 7,247 | Turbulent
6000 14,895 15,8670
8000 22,396 25,730
500 | 0.0735 3000 4,718 3,450 | Transitional
6000 9,870 8,223
9000 15,087 12,630
750 | 0.0730 3000 3,819 2,589 | Transitional
6000 8,572 7,833
9000 13,068 11,880
1000 | 0.0901 3000 (=) () Transitional
6000 7,707 6,905
9000 11,987 11,270

&No solution.
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Figure 3, - Compariscn of difference-solution equaetions and closed-form-solution equations for spanwise temperaturs
distributions, Bpacing between blade shell and insart, 0.020 inch; ges-to-blede heat-transfer coefficlent,
0.0580 Btu/(sec) (sq £t)(°F); stress-ratio factor, 1.5.
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Required coolant flow per blade, w,, /sec

.28

[
[

.20

.12

Hydrogen

200 400 600 ) 800 ' 1000

Coolant inlet temperature, T, jn, R

Figure 4. - Veriation in required cooclant flow
with coolant inlet temperature. Spacing be-
tween blade shell and lnsert, 0.050 1ln.; gas-
to-blade hestl-transfer coefficilent, 0.0580
Btu/ (sec) (aq £t) (°F); stress-ratio factor,
1.5.
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Figure 5. - Verlation in required coclant flow with coolext inlet temera:iure end three values of

coolant geometry spacing. Ges-to-blsde hest-transfer coafficient,

strees-ratio factor, 1.5.
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Figure 6. - Variation in required coolant flow with
coolant inlet tempergsture for two values of stress-
ratio factor. Coolant, hydrogen; spacing between
blade shell and insert, 0.050 inch; gas-to-blade
heat-transfer coefficient, 0.0580 Btu/(sec)(sq £t)(°F).
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Figure 7. - Veriation of relative pipe diemeter
with coolant inlet temperature for conditions
of coustant pilpe pressure loss. Gas-to-blade
heat~transfer coefficient, 0,058 Btu/(sec)

(sq £t) (°F).
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